We analyze the importance of regional climate models (GCM-RCMs) and model output statistics The results show that GCM-RCM differences explain most of the spread in the simulated changes in the annual mean cycle of river discharge. At seasonal level, MOS-method uncertainties are most important during the winter and spring, which is likely explained by the sensitivity of snow processes to the representation of daily variability in the MOS methods. To gain physical insights into the physical processes, the relative importance of changes to temperature or precipitation on changes in surface hydrology are also assessed. In most regions of Scandinavia, changes to temperature explain most of the changes in river discharge volumes and spring peaks. Precipitation changes only have a secondary role in modulating these changes. Again, these results are mostly explained by changes in snow processes in winter and increases in evapotranspiration in summer.
INTRODUCTION
Recent climate change studies have given strong evidence that daily weather variability will change along with average climate conditions. Due to these changes, the global hydrological cycle is expected to intensify (Held & Soden ) . At high latitudes, as well as around alpine regions at lower latitudes, changes in river flows are driven by changes in snow melt/accumulation (López-Moreno & Garcia-Ruíz ;
Stewart ) and evapotranspiration (Nohara et al. ) , which depend on combined changes in temperature and precipitation. In Scandinavia, changes in snow melt affect river flows in winter and spring (Beldring et As the main drivers of changes in surface hydrology are changes in precipitation and temperature, it is of interest both from the hydrological model development and downscaling perspectives, how a hydrological model responds to changes in these quantities. In a recent study by Bosshard et al. () , the separate effects of temperature and precipitation changes on river discharge in the Rhine River catchment were examined. The study showed that in snowdominated areas, temperature effects tend to have a larger impact on the annual cycle whereas in other areas precipitation effects are also important. Similar conclusions have also been obtained in earlier studies (Barnett et al.  and references therein) . The study made by Bosshard et al. () , however, covered a relatively small area in central Europe and used a spectral delta change method, which does not take changes in daily variability directly into account. Some processes, such as snow melting and accumulation, may be sensitive even for small changes in daily (co-)variability in areas where temperatures are in the present-day climate close to the melting point (Barnett et al. ) .
The relative importance of GCM-RCMs and MOS methods as uncertainty sources in hydrological simulations have been studied previously both at global (Hagemann et al. ; Chen et al. a) and regional scales (Chen et al. b; Teutschbein et al. ; Dobler et al. ) , but less attention has been given to the spatial sensitivity of these two uncertainty components as well as to their contributions at different parts of the discharge distribution. This study aims to evaluate these aspects in the Scandinavian region. In particular, we aim to:
1. evaluate how uncertainties in the forcing data are reflected in hydrological simulations, i.e., how climate model and MOS method differences contribute to the overall spread in the future climate change signal; 2. assess separate temperature and precipitation effects on the simulated changes in river discharges and how their contributions depend on a particular GCM-RCM and MOS-method combination. (), and Räty et al. () . Similarly, the analysis of separate temperature and precipitation effects on simulated changes in river discharges is based on ANOVA methods (Bosshard et al. ) . In contrast to the previous study, the daily variability is taken into account in the assessment of these effects, and the effects are evaluated not just for one GCM-RCM but a whole set of GCM-RCMs and MOS methods, thus providing more insight into the generality of the results.
The paper is organized as follows. Immediately below, the hydrological model setup and the input data are described, while the following section introduces the MOS methods and the ANOVA frameworks used in the study.
The next section presents the results, particularly the different sources of uncertainty and the effects of temperature and precipitation on different components of the water balance.
Also the main aspects of simulated changes in river discharges as well as in daily temperature and precipitation are illustrated. Finally, conclusions are drawn.
MODEL SETUP Input data
The ERA-Interim re-analysis (Dee et al. ) is used as the baseline data. To reduce differences between the re-analysis and the observed precipitation climatology, monthly precipitation means have been adjusted to the monthly means from the Global Precipitation Climatology Centre (GPCC) gridded data set (Schneider et al. ) . These adjusted ERA-interim data (hereafter referred to as ERA-I-adj) are used as the reference data in the bias-correction. For future projections of climate, six GCM-RCMs (Table 1) were selected from the ENSEMBLES database (van der 
METHODS MOS methods
Three MOS methods were selected for studying the contribution that differences in MOS methods make to the overall spread in the hydrological climate impact simulations. The simple delta-change scaling (DC) is included as a reference method. The method simply adjusts 
The first column shows the institution, second column the GCM part and third the RCM part of each model simulation. The last column shows the abbreviation used for each GCM-RCM combination.
ERA-I-adj monthly means of daily mean temperature and daily precipitation according to the monthly means of GCM-RCM simulated changes. To make the delta change scaling more robust, a two (three) month window centered on the month under consideration was used in the calculation of monthly change factors for daily mean temperature (precipitation). To cover the daily variability in the adjustment step, a non-parametric version of quantile mapping was applied both as a delta change (DQ) and bias correction (BQ) method. These methods were chosen as they can be used for both daily mean temperature and precipitation in a very similar manner. In its delta change form, quantile mapping converts the observed temperature and precipitation values o i into projected values p i in the future period as
where F c and F A common limitation to all these methods is that they take neither inter-variable relationships nor spatial correlation structures directly into account (Vrac & Friederichs ) .
ANOVA framework
To estimate the contributions of MOS-method and GCM-RCM differences to the overall spread in the HYPE simulations, a fixed-effect ANOVA was used. The overall variance V TOT is decomposed according to:
where V MOD is the fraction of variance due to GCM-RCM differences, V MET the fraction due to the MOS-method differences and V INT denotes the so-called interaction term. It should be kept in mind when interpreting the results that this type of ANOVA model does not separate the effect of the internal climate variability which is mainly reflected in the GCM-RCM and to a lesser extent in the other two components.
To study the separate effects that changes to temperature and precipitation have to changes in river discharges, the analysis follows the approach described in Bosshard et al.
(). Assuming that as a first approximation non-linear effects are negligible, the relative contributions of temperature and precipitation changes are derived using four sets of HYPE simulations: one for present-day conditions, one including both temperature and precipitation changes, one for precipitation changes, and one for temperature changes only. From these simulations, using a simple ANOVA analy- 
RESULTS

Baseline period
We briefly demonstrate the performance of the HYPE model in the present-day climatic conditions. Validation against the observed discharges showed that the median daily NSE was close to 0.5 and ranged between 0.87 and À13.51. Locations with poor performance could often be related to strong regulation of the river for hydro power.
Also the limited resolution of the baseline forcing and the limited capability of river routing network data sets to delineate small catchment areas (Donnelly et al. ) hamper the use of the model in catchments with size <5,000 km 2 . The median annual mean relative volume error for river discharge was small (À1%) after the simple calibration and ranged between ±20% for 74% of the stations.
Further issues related to the model formulation were also identified: first, the snow melting scheme used in this model version was found to be sensitive to changes in the parameter values, which causes uncertainties to the simulated snow accumulation and melting; second, the potential evapotranspiration is calculated using a relatively simple temperature-based scheme, which may not be suffi- 
GCM-RCM and MOS-method uncertainties
The left panel of Figure 3 shows the ANOVA decomposition for individual percentiles of domain-mean daily discharge distribution changes for the period 2041-2070. It is seen that the GCM-RCM effect (which includes the internal variability)
is larger than the other two components for most percentiles and usually exceeds 40% of the total variance. However, for low and high flows (i.e., the tails of the distribution), the contribution of the MOS-method differences increases, which is important information when using these methods for assessing changes to extremes such as floods and droughts. This on river discharges in winter and early spring whereas in other seasons the temperature effect tends to be negative.
On average, the temperature effect is much stronger than the precipitation effect and explains most of the changes in discharge seasonality. In particular, decreases in river discharges during the spring and summer seem to be mostly temperature regulated. Based on the previous results, this is probably due to the smaller snow reservoir in winter and earlier timing of snow melt in spring in a large part of the model domain. Also the sensitivity of evapotranspiration to temperature changes might explain the larger temperature dependence in summer. Evapotranspiration is mostly energy-, rather than moisturelimited in Scandinavia, although moisture dependence becomes more important towards the southern parts of the domain.
Furthermore, Figure 6 shows that differences in temperature and precipitation effects are relatively small between the two MOS methods most of the time. The biggest exception is seen in the late winter and spring, when show that non-linear processes are important especially in the spring, which has implications on the bias correction step; due to the threshold effects the use of bias correction methods (including the studied ones), which assume stationary biases, can lead to biased results in the future climate. Also, differences in temperature and precipitation effects were generally larger between different GCM-RCMs than between the two delta change methods. This illustrates that the response of HYPE is more sensitive to the selected GCM-RCM and that the inclusion of daily variability to the MOS-adjustment step has a secondary (albeit important) role in modulating the projected changes in the annual cycle of river discharges.
We stress that the results are specific for the selected GCM-RCMs and hydrological model. Furthermore, the overall set of different methods should have optimally been larger, although the selected ones should cover a relatively broad range of uncertainties related to the MOS methods, since a large part of the uncertainty arises from differences between the delta change and bias correction approaches (Räty et al. ) . Emission scenario uncertainties, which are likely to become increasingly important in relation to other sources of uncertainty at longer time scales, should also be assessed.
Due to the structural limitations of HYPE and uncertainties in the model parameters, care should be taken in the interpretation of the results. The parametric uncertainty, for example, might be in some cases important but is not expected to be the dominant source here (Dobler et al.
).
To get a better idea of the overall uncertainty in the future changes of surface hydrology, several hydrological models should be used in parallel, as hydrological model differences in simulated future changes can be one of the largest sources of uncertainty at some locations (e.g.,
Hagemann et al. ).
An obvious extension to the present study is to compare the results between single-variable and multi-variable bias correction methods (Vrac & Friederichs ) , which take co-variability into account. The comparison of joint and univariate bias correction methods in the hydrological modeling step will be targeted in future research.
